Abstract-In this paper, we present space shift keying (SSK) as a new modulation scheme, which is based on spatial modulation (SM) concepts. Fading is exploited for multiple-input multipleoutput (MIMO) channels to provide better performance over conventional amplitude/phase modulation (APM) techniques. In SSK, it is the antenna index used during transmission that relays information, rather than the transmitted symbols themselves. This absence of symbol information eliminates the transceiver elements necessary for APM transmission and detection (such as coherent detectors). As well, the simplicity involved in modulation reduces the detection complexity compared to that of SM, while achieving almost identical performance gains. Throughout the paper, we illustrate SSK's strength by studying its interaction with the fading channel. We obtain tight upper bounds on bit error probability, and discuss SSK's performance under some non-ideal channel conditions (estimation error and spatial correlation). Analytical and simulation results show performance gains over APM systems (3 dB at a bit error rate of 10 −5 ), making SSK an interesting candidate for future wireless applications. We then extend SSK concepts to incorporate channel coding, where in particular, we consider a bit interleaved coded modulation (BICM) system using iterative decoding for both convolutional and turbo codes. Capacity results are derived, and improvements over APM are illustrated (up to 1 bits/s/Hz), with performance gains of up to 5 dB.
, where an array of symbols are layered in space, and transmitted simultaneously over all antennas. Spatial multiplexing requires synchronizing all antennas to transmit at the same time, and introduces interference from all antennas during reception, making for complex detection schemes. Practical integration of V-BLAST for example, requires sub-optimal, low complexity receivers [2] . For adequate performance, in most cases, these receivers require the number of receive antennas to be larger or equal to the number of transmit antennas, which is not practical for downlink transmission to small mobile devices.
The next type of MIMO system is diversity transmission. In this case, antennas are used to increase the reliability of the message. Similar to channel coding, diversity systems exploit the spatial domain as a coding mechanism to increase reliability (i.e., diversity). These types of systems also requires synchronizing all antennas to transmit at the same time. The first form of spatial diversity (applicable for two transmit antennas) is the Alamouti scheme [3] , which achieves transmit diversity. However, this diversity is attained at the expense of transmission rate, which remains unchanged from a singleinput multiple-output (SIMO) system. 1 As opposed to spatial multiplexing, diversity schemes provide simpler detection due to certain transmission properties. For example, orthogonal space time block codes (OSTBCs), such as the Alamouti scheme, circumvent the interference caused by transmitting on multiple antennas due to the orthogonality of the codebook. However, higher transmit diversity is only achieved at the expense of transmission rate, since full-rate OSTBCs only exist for two transmit antennas (complex constellations), and eight or less transmit antennas (real constellations) [4] .
Finally, the third category is hybrid transmission: both spatial multiplexing and diversity concepts are integrated. The first application of hybrid transmission is multilayered spacetime coding, introduced by Tarokh et al. in [5] , which exploits transmit antennas to increase both diversity and transmission rate. However, these benefits are achieved at the expense of increased detection complexity.
All of these systems provide their own sets of benefits and restraints, but are flexible enough to accommodate various requirements. However, some common pitfalls amongst MIMO systems are: 1) Inter-channel interference (ICI): Introduced by coupling multiple symbols in time and space. 2) Inter-antenna synchronization (IAS): In the BLAST and OSTBC architectures, the detection algorithms assume 1 Rate refers to the number of information bits/s/Hz.
1536-1276/09$25.00 c 2009 IEEE that all symbols are transmitted at the same time. Hence, IAS is necessary to avoid performance degradation [6] , consequently increasing transmitter overhead. For example, Agilent Technologies' signal studio for 3GPP W-CDMA HSPA [7] needs to automatically configure the input and output synchronizing trigger signal when transmit diversity antennas are selected. 3) Radio frequency (RF) chains: Although multiple antenna elements are relatively inexpensive to deploy, and the digital signal processing requirements are feasible due to increased industry growth, the necessary RF elements are not as simple to implement [8] . These RF chains are bulky, expensive, and necessary for each antenna that is used. One feasible method around the problem is to employ antenna selection (AS) [8] [9] [10] [11] [12] (and references therein). In order to exploit MIMO benefits however, there is a limit to the amount of reductions in RF chains offered by AS methods. Most of the advantages obtained through MIMO communications is due to multiple transmit antennas. For example, in V-BLAST, multiple transmit antennas increase the spectral efficiency of the system without additional bandwidth requirement (compared to that of a SIMO system). For diversity systems, such as OSTBCs, it is multiple transmit antennas that significantly increase the system's diversity. So, although AS provides some reduction in RF chains, there is no way around avoiding the increase in RF chains compared to that of a single antenna system. As well, AS generally increases the overhead at the receiver, and is prone to feed back errors in the case of transmit AS.
In this paper, we target these problems by developing space shift keying (SSK) modulation for MIMO channels, which considers an alternate method for transmitting information. Before continuing however, we first elaborate on some important previous work that gave rise to the idea of SSK modulation.
A. Prior Work Spatial Modulation (SM):
The underlying idea of SM introduced by Mesleh et al. in [13] , is actually conceptualized earlier (to some extent) by Chau et al. in [14] [15] . In [14] , a scheme entitled SSK is proposed, in which distinct multipath characteristics from different antennas are used to discriminate between transmitted symbols. 2 The receiver determines which mode of transmission is used (either one antenna or both antennas are activated) in order to detect the message. Chau et al. also mention extensions of their binary scheme to higher order modulation by combining amplitude/phase modulation (APM), which is similar in concept to SM. However, they only consider the case of two transmit antennas, and their scheme does not avoid ICI and IAS.
Exploiting antenna indices as a source of information is also covered in [6] , [16] , where precoded sequences of symbols are transmitted using only one antenna. The symbol, in conjunction with the antenna index, is used to decode the message. However, these schemes suffer from lower spectral efficiency due to the employment of parity symbols. Also, only the case of binary/quadrature phase shift keying (BPSK/QPSK) are considered. To overcome the problem of spectral efficiency loss, and in order to generalize to other modulation schemes, SM is introduced. SM is a pragmatic approach for transmitting information, where the modulator uses well known APM techniques, such as quadrature amplitude modulation (QAM), but also employs the antenna index to convey information. SM is then extended to OFDM in [17] , and its performance under non-ideal channel conditions (spatial correlation, mutual antenna coupling) is analyzed in [18] . We note that the SM detector in [13] is based on an ad hoc design, and only functions under some artificial assumptions about the channel (see [19] for details). On the other hand, SM optimal detection (SM-OD) under conventional channel assumptions is derived in [19] , and shown to outperform V-BLAST and MRC schemes (1.5 − 3 dB at a bit error rate of 10 −5 ).
SSK versus SM:
In SSK, antenna indices are used as the only means to relay information, which makes it somewhat a special case of SM. However, this elimination of APM provides SSK with notable differences and advantages over SM:
1) Detection complexity is lowered, while the performance is almost identical to SM-OD. 2) Because phase and amplitude of the pulse do not convey information, transceiver requirements are less stringent than for APM (e.g., non-coherent detectors may be considered).
3) The simplicity of SSK's framework provides ease of integration within communication systems. For example, one envisioned application is ultra wide band (UWB), where it is pulses that are used rather than APM signals. All of this, as well as SM's inherent advantages, motivates our presentation of the SSK modulation technique.
B. Contribution
Concepts: We present the SSK modulation technique, in which the spatial domain is solely exploited to convey information. All of the aforementioned advantages comprising SM are present, while providing reductions in transmitter overhead and detection complexity. The constellation space is analyzed to illustrate the source of SSK's strengths over APM schemes. This analysis allows for a strong foundation in understanding SM parameters that may be chosen to obtain better performance gains (SM trade-offs between the number of transmit antennas and the APM constellation size is chosen heuristically in [20] ). Extensions to incorporate practical coding schemes are also presented. In particular, we present a bit interleaved coded modulation (BICM) system using iterative decoding, where both convolutional and turbo coded modulation (CM) are employed.
Analysis: Tight upper bounds on performance are derived. For the uncoded case, upper bounds on bit error rate (BER) are obtained using union bounding techniques, and nearest neighbor analysis. The diversity of the system is also shown. CM performance is analyzed using saddlepoint approximation techniques, and upper bounds on BICM BER are obtained for fast fading channels. Capacity results are also obtained, demonstrating spectral efficiency gains over APM-CM techniques.
Results: Extensive simulations are provided to support our analysis, and illustrate SSK's potential for integration in future wireless systems. We also compare SSK's performance with SM, V-BLAST, and single antenna APM techniques, for various antenna and channel conditions.
C. Organization
Section II introduces the basic system model, including the mapping and detection process, in which we also give a detailed analysis of SSK's constellation space. In Section III, we present analytical results on the bit error probability, as well as a complexity comparison with other systems. We discuss the coded SSK system in Section IV, where we present capacity and analytical performance results. Section V provides thorough simulation results on performance, and we conclude the paper in Section VI.
D. Notation
Italicized We use P (·) for the probability of an event, p Y (·) for the probability density function (PDF) of a random variable Y, and E x [·] for the statistical expectation with respect to x. We use log (·) for the natural logarithm (i.e. base e), and log a (·) for the logarithm with base a. We use Re {·} for the real part of a complex variable, X to represent a constellation of size M , and X k c to denote a subset of X containing all constellation points with the k th bit equal to c ∈ {0, 1}.
II. SSK MODULATION
The general system model consists of a MIMO wireless link with N t transmit and N r receive antennas, which is illustrated in Fig. 1 . A random sequence of independent bits b = b 1 b 2 · · · b k enter a channel encoder with output c = c 1 c 2 · · · c n , where k and n represent the number of encoder inputs and outputs, respectively. The pseudo randomly interleaved sequence c π then enters an SSK mapper, where groups of m = log 2 (N t ) bits are mapped to a constellation vector x = x 1 x 2 · · · x Nt T , with a power constraint of unity (i.e. E x x H x = 1). In SSK, one antenna remains active during transmission and hence (ideally), only one RF chain is required. However, due to pulse shaping, the transmitted pulse will extend a few symbol periods, and restrict the RF chain from being switched to another antenna. 3 In the UWB framework however, the cost of RF chains is fixed regardless of the number of antennas since pulse shaping is not required. The discussion in this paper may be extended to UWB indoor communications using the appropriate statistical channel models given in [21] .
The modulated signal is then transmitted over an N r × N t wireless channel H, and experiences an N r − dim additive white Gaussian (AWGN) noise
The received signal is given by y = √ ρHx + η, where ρ is the average signal to noise ratio (SNR) at each receive antenna, and H and η have independent and identically distributed (iid) entries according to CN (0, 1).
At the receiver side, the SSK detector estimates the antenna index that is used during transmission, and demaps the symbol to its component bitsb.
A. Transmission
SSK modulation consists of groups of m bits that are mapped to a symbol x j , which is then transmitted from the j th antenna. We note that, although the symbol itself does not contain information, it might be designed to optimize transmission. For now, we use x j = 1 for all j, and refer the reader to [22] for optimized symbol transmission. Even though x j does not convey information, its location in x does. The vector x specifies the activated antenna, during which all other antennas remain idle, and has the following form:
Hence, the channel output is given by y = √ ρh j + η when the j th antenna is used, where h j j th column of H.
Remark 1:
Only one column of H (i.e., h j ) is activated, and the column changes depending on the transmitted symbol. Essentially, these columns act as random constellation points for SSK modulation.
An example of SSK modulation for 2 bits/s/Hz transmission is given in Table I . In general, M -ary SSK modulation (i.e., where log 2 (M ) bits are transmitted per channel use) requires N t to equal M . In cases where this N t requirement is difficult to meet (ex., due to hardware constraints), generalized SSK (GSSK) may be employed (see [23] for details). 
B. Detection
In the uncoded case, the detector's main function is to determine the antenna index used at the transmitter. Coded detection will be discussed in Section IV-C. Since the channel inputs are assumed equally likely, the optimal detector is maximum likelihood (ML), which is given bŷ
whereĵ represents the estimated antenna index,
C. Constellation
To analyze SSK's constellation, we first consider a fixed channel realization H, and the effective N r − dim constellation symbol x j,eff that results from the following channel transformation:
These effective constellation points are shown in Fig. 2 for both APM and SSK. In APM, the effective constellation X eff is composed of scaled versions of the vector hx j . 4 However, SSK's X eff is made up of scaled versions of all columns of H. That is, in terms of the constellation points, x j is fixed while h j changes in SSK, whereas x j changes while h j is fixed in APM. Decisions for APM are performed in the 1 − dim complex space, independent of which antenna is used (i.e., after matched filtering, the sufficient statistics are scalar). On the other hand, SSK decisions are made in the N r −dim space.
From these observations, it is clear that we expect SSK to outperform APM schemes for increasing M and N r . As well, superior performance can be achieved for channel realizations H having columns that are widely spread apart in the N r − dim space. This of course depends on the stochastic properties of the channel, and can be exploited in adaptive transceiver schemes (see [22] for details).
We note that, it is using the antenna index as the source of information that increases the size of the constellation space, and not the fact that different antennas are being used for transmission. For example, if APM with transmission on alternating antenna indices is considered, X eff would not change since, at any given time, the receiver explores only all possible transmit symbols. The actual antenna index is assumed to be known at the receiver, and remains the same regardless of the transmitted symbol. If, on the other hand, both the antenna index and the transmit symbol convey information, the modulation scheme is no longer APM, but rather SM. In this case, X eff is similar to SSK, but with the possibility of having more than one scaled version of x j,eff along the same direction in Fig. 2 (since both x j and h j are changing).
D. Practical Issues
Before proceeding further, we present a discussion on SSK's feasibility in real world wireless systems. In this section, we discuss two main concerns with SSK modulation, namely hardware requirements and antenna switching, as well as methods to overcome these problems.
Hardware Requirements: The number of transmitting antennas required is an apparent drawback of the scheme, since N t can grow quite large for high data rates. Therefore, it is impractical to implement on small mobile stations, but can be used for downlink base station transmission, where the available resources for antenna deployment is more flexible. Still, there is a limit to this flexibility, and in such cases, GSSK is a viable solution. GSSK, a variant SSK scheme presented in [23] , makes it possible to reduce the requirement on the number of transmit antennas at the expense of performance. The basic concept of GSSK is to use combinations of antenna indices to transmit information, rather than only one index (as in SSK). The combination of SSK and GSSK allows for a strong foundation in building practical systems, and provides enough flexibility to accommodate different hardware constraints.
Regardless of employing GSSK, or restricting SSK modulation to downlink transmission, the overhead in transmit antennas will be more than conventional MIMO wireless techniques, such as V-BLAST for example. However, we note that one important difference between the two is that SSK requires only one RF chain (ideally). The major bottleneck of implementing multiple antennas (i.e., bulky RF chains) is hence reduced, at the expense of increasing antenna elements. The actual benefits of this hardware reduction for practical integration purposes are difficult to evaluate at this point and require further investigation, but the potential for the complexity-perfomance trade-off is clearly present.
Antenna Switching: To transmit information in SSK, the antenna index needs to vary, and will constantly remain in a switching state. However, due to pulse shaping, the transmitted pulse will extend a few symbol periods and restrict the RF chain from being switched to another antenna. We would then, at the most, require the number of RF chains to equal the number of symbol period durations in the transmitted pulse. Therefore, more than one RF chain might be necessary. For the UWB framework on the other hand, the cost of RF chains remains fixed since pulse shaping is not required (i.e., only one RF chain is needed regardless of N t ). Hence, extensions of SSK to UWB communications is an interesting topic, and is possible using the appropriate statistical channel models given in [21] . For example, one possible channel model is the Nakagami distribution, which is shown to simulate small scale fading amplitudes in UWB indoor systems.
Given the aforementioned discussion, SSK's integration into current wireless systems is a topic worthwhile investigating, and is done so in detail within the next few sections.
III. PERFORMANCE ANALYSIS
In this section, we present analytical results on SSK's uncoded performance. A tight upper bound on the bit error probability is derived, and we explicitly determine SSK's diversity order.
A. Uncoded Error Probability
SSK's performance is derived using the well known union bounding technique [24, p. 261-262] . The average BER for SSK is union bounded as
where N (j,ĵ) is the number of bits in error between x j and xĵ, P (x j → xĵ) denotes the pairwise error probability (PEP) of deciding on xĵ given that x j is transmitted, and where the index in the summation is simplified since N (j,ĵ) is symmetric. Using (1), we obtain the PEP conditioned on H as
where
Note that the metric affecting the system performance is the Euclidean distance between the columns of H.
The random variable κ in (5) is chi-squared distributed with s = 2N r degrees of freedom, and PDF given by [24, 
, v > 0. The PEP can then be formulated as
which has a closed form expression given in [25, Eq. (64)]. Thus,
where γ α
. Plugging (7) into (4), we obtain
Nt j=j+1 2N (j,ĵ). As we will see in Section V-A, the bound in (8) is somewhat loose (~1 dB offset for M = 8), but captures the diversity of the system. The bound can be tightened further by considering only the number of nearest neighbors n neigh in SSK's effective constellation space X eff , and is given by
where N avg = NΣ Nt(Nt−1) represents the average N (j,ĵ). Since the effective constellation points x j,eff are random, n neigh is a random variable, and depends on M . 5 For example, we will see from Section V-A that for M = 8, n neigh ≈ 2.
B. Diversity
The expression in (8) does not explicitly indicate the diversity achieved by SSK. In order to clearly show the system diversity, we re-derive the error probability with a loose upper bound. Specifically, we use Q (x) ≤ 
Therefore, the bit error probability is given by
where C = N (j,ĵ)2
Nr −1
Nt
. We see from (10) that a diversity order of N r is achieved, which is identical to an APM-MRC system using N r receive antennas.
C. Complexity
In this part, we compare SSK's complexity to that of SM-OD. Since SM-OD is shown to exhibit similar complexity to that of SM [19] , the reader is referred to [13] for other complexity comparisons (e.g., V-BLAST).
In our presentation, we quantify complexity by the number of multiplications required in the detection process. The number of additions can be shown to have a similar value for both detectors. In [19] , the complexity of SM-OD is given by δ SM-OD = 2N r N t + N t M + M . Similar to [13] , we analyze (1) to obtain SSK's complexity, which is given by
It is important to note that, for the same spectral efficiency, the value of N t and M for SM-OD and SSK are different. For SM-OD, M denotes the constellation size of the APM scheme. The total constellation size of SM-OD is M N t . At first glance, it is not straightforward to compare both detector complexities. However, for practical values of N t , N r , and M , SSK can be shown to have lower complexity. For example, let us fix m = 3 bits/s/Hz transmission (N r = 2), and use N t = 4 and M = 2 for SM-OD. We then obtain δ SSK = 16, and δ SM-OD = 26. In this case, SM-OD requires more than 50% complex multiplications.
IV. SSK CODED MODULATION
CM techniques have been extensively considered in the communications literature, with one of the most significant contributions stemming from Ungerboeck's seminal paper on trellis CM (TCM) [26] , where coding and modulation are optimized as a single unit. As an enhancement, turbo CM (TuCM) [27] [28] [29] [30] [31] provides performance improvements over TCM by incorporating the turbo principle (turbo codes with iterative decoding). In [32] , Zehavi improves TCM's performance in Rayleigh fading channels by separating coding and modulation with a bit-wise interleaver. Caire et al. [33] then extend Zehavi's concept to general constellations, giving rise to BICM systems, which are shown to provide higher diversity gains over conventional TCM systems. In this section, we focus on BICM systems due to these performance advantages, and inherent flexibility of analysis in varying scenarios.
A. Capacity
The capacity of the SSK system is computed for flat Rayleigh fading channels. Assuming x is transmitted with equal probability (which is justified for an ideally interleaved sequence of channel inputs), the constrained input CM capacity reduces to [33] 
where m = log 2 (N t ), θ = (x, y, H), and p Y (y | x, H) is given in (2). The capacity results for SSK modulation with varying M (evaluated by Monte Carlo simulations) are shown in Fig. 3 . We compare the capacity of systems requiring only one transmit antenna (similar to that of an SSK system) and hence, we plot the information rates of PSK for M ≤ 8 and QAM for M = 16. SSK achieves better information rates when M ≥ 8, and slightly worse for M < 8. These results are expected since, for small M values, APM schemes exploit enough of the constellation space to achieve adequate performance (Section II-C). We also plot the BICM capacity (dotted lines), which represents the capacity between the encoder output and the input of the decoder. With some change of notation, the BICM capacity is given by [33] 
For increasing M , SSK's BICM capacity degrades (especially at low SNRs), which is expected since symbol mappings are not optimized in the BICM system, as suggested by [33] [34] [35] . In fact, since SSK's effective constellation points are random in nature, optimal mapping techniques cannot be considered without sufficient channel state information (CSI) at the transmitter. Regardless, the capacity results for CM still indicate SSK performance improvements over APM schemes. In order to obtain more insight, and support our capacity results, we analytically derive the performance of SSK-CM in Section IV-D. But first, we describe the structure of the SSK-CM system, and the adopted decoding method.
B. Encoding
Conventional modulation schemes use Gray (or quasi-Gray) mapping to minimize bit errors amongst symbols. For the case of TCM, bits to symbol mapping is optimized so as to maximize the Euclidean distance between codewords. However, due to random constellation points inherent in SSK modulation, SSK-TCM is only possible when full channel knowledge is available at the transmitter. For that reason, capacity maximizing CM techniques cannot be considered in SSK. In our take on SSK-CM, we consider SSK-BICM without any optimized mapping rule, and opt for BICM with iterative decoding (BICM-ID) to bridge the capacity gaps observed in Fig. 3 (see [36] for details).
The encoding is described in Section II, where information bits are first encoded, bit-wise interleaved, and SSK modulated before transmission. Both TuCM and convolutional CM systems are considered, but there is no restriction on the type of channel code C used.
C. Decoding
SSK coded detection employs BICM-ID, and follows the decoding structure proposed by Li and Ritcey in [37] , and is depicted in Fig. 1 . The demodulator first computes the a posteriori logarithm likelihood ratios (LLR) of the transmitted bits, which are then used as inputs to a channel decoder. Depending on C, we use either a turbo or a maximum a posteriori (MAP) decoder (see [38, Ch. 7] for details). The channel decoder's LLR on the information and parity bits are then processed as extrinsic information in successive iterations of the demodulator's LLR output (shown by the dashed lines in Fig. 1 ). These steps are repeated until a satisfactory level of reliability is obtained (for our case, we consider a fixed number of iterations).
The demodulator LLR, similar to [31] , is given by
, (12) where p Y (y | x, H) is given by (2), and P (c n = c) = 
D. Coded Error Probability
In this section, SSK-CM's analytical performance for fully interleaved channels (each symbol experiences an independent fading matrix) is derived. Thanks to the binary inputoutput symmetric (BIOS) property of BICM systems, the performance analysis is tractable. 6 We assume a convolutional coded system, concatenated with an SSK modulator, but can be generalized to other concatenated schemes as well (e.g., TuCM [39] ).
The analysis for the coded case is fairly complex, especially due to interleaving and iterative decoding effects. The simplifying analysis performed in most coding literature regarding the all zero codeword is no longer valid due to the nonlinearity of CM systems. Therefore, similar to [39] , all codeword pairs must be considered in order to obtain an analytical expression for the error probability. Most often, however, simple union bound on the BER is used. From [33] , [40] , the bit error probability for BICM under ML decoding is closely upper bounded by
represents the number of codewords in C with output Hamming weight d and input weight i), μ is the labeling rule for the constellation X , and ρ is the SNR at each receive antenna.
In order to further simplify the analysis, we incorporate the LLR within the derivation as in [33] . Therefore, the statistical properties of the LLR random variable are required. Specifically, we need a closed form expression for the PDF of the LLR, p Λ (λ). These PDFs are obtained in [41] for APM, but difficult to derive in the case of multi-dimensional constellations. To overcome this challenge, [42] presents simple upper bounds based on saddlepoint (SP) approximations, without explicitly determining p Λ (λ). The BICM PEP is then upper bounded using SP approximations (for fully interleaved channels) as [42] 
where τ (ŝ) is the cumulant generating function of the random variable Λ DEM defined in (12), τ (ŝ) represents its second derivative, and withŝ = 1 2 for BIOS channels. Equation (14) is plugged into (13) to obtain an upper bound on P e,bit , which is conveniently evaluated by Monte Carlo simulations, or by using numerical integration methods with Gaussian quadrature rules (see [42] for details).
Equation (14) does not take into consideration the effects of iterative decoding, which is the type of decoder employed in this paper. Hence, (14) is strictly an upper bound for the BICM-ID case. In order to make fair comparisons, asymptotic BICM-ID bounds are derived, and valid after convergence (i.e., for sufficiently high SNRs and large number of decoding iterations). These bounds are also referred to as the error-free feedback performance [43] . An error-free feedback assumption implies that each bit is transmitted using an equivalent BPSK type system. Consequently, we are able to directly use the results of [44] , and obtain closed form PEP bounds on error-free feedback. Noting that for SSK, for the PEP as [44, Eq. (28)]
. (15) Remark 2: The error-free feedback bounds for SSK are independent of the constellation size. Hence, SSK-CM's asymptotic performance is identical for all M . This is not the case for APM-CM, where the performance degrades as M is increased. This degradation is due to the decrease in average Euclidean distance between equivalent BPSK symbols (obtained from the constellation of size M ). However, the equivalent BPSK symbols in SSK will have (on average) the same Euclidean distance regardless of M .
V. SIMULATION RESULTS
In this section, some examples are presented to compare SSK's performance for varying parameters (such as M and N r ). Monte Carlo simulations are performed, and are run for at least 10 5 channel realizations. All results consider a Rayleigh fading channel (described in Section II), with complete channel knowledge at the receiver. We also use Gray (or quasi-Gray) mapping when appropriate (i.e., for PSK and QAM). The plots illustrate the average BER performance versus ρ (the average SNR per receive antenna). Figure 4 demonstrates SSK's performance versus MRC, V-BLAST, and SM. We target m = 3 bits/s/Hz transmission, with N r = 4. For reference, three different transmission setups are used. The first one is APM, 8-PSK transmission with N t = 1, and MRC. The second is V-BLAST with BPSK modulation, N t = 3, and ordered successive interference cancellation (OSIC) using the minimum mean squared error (MMSE) receiver [2] . Finally, the third setup is SM-OD [19] , where we use N t = 4 antennas, and BPSK modulation (which results in N t · M = 8 constellation points).
A. SSK versus SM, MRC and V-BLAST
The bounds of (8) are also plotted for comparison, where
, and N Σ = 96. We also tighten the bound by considering a heuristic number of nearest neighbors (as discussed in Section III-A). We plot (9) with n neigh = 2, where the value for n neigh is obtained by trial and error, and we observe that both bounds are fairly tight, especially at high SNRs. SSK's performance improvements is clearly shown in Fig.  4 , where we observe gains of 3 dB over APM and 1 dB over V-BLAST (at P e,bit = 10 −5 ). SSK has almost identical performance to that of SM-OD, but with lower complexity (attributed to the fact that symbols do not carry information such as in SM and APM-MRC).
We note that the comparison between V-BLAST and SSK is under the assumption of identical transmission rate. However, V-BLAST can be designed with varying number of antennas and modulation sizes to achieve the desired rate. Our example uses only one of these combinations for illustration purposes. Conclusive remarks cannot be made on which system performs better, due to the additional hardware requirements needed to support larger number of antennas for V-BLAST, whereas much more relaxed for SSK (as mentioned in Section II). For this reason, we focus on systems with hardware needs resembling that of SSK (i.e., APM and SM).
B. SSK versus APM
In the next examples, we present comparisons of SSK to single antenna APM schemes.
1) Varying M :
The effects of the constellation size M on performance is illustrated in Fig. ? ?, where the BER performance of SSK and APM schemes for M = 2 and 8 are shown. In light of the discussion in Section II-C, we expect SSK to outperform APM for higher modulation order. With M = 2, APM outperforms SSK as expected, whereas with M = 8, it is SSK exhibiting better performance.
2) Varying N r : Figure 6 illustrates the effect of varying N r on SSK's performance. We target m = 3 bits/s/Hz, and hence consider 8-PSK and 8-SSK modulation. We notice that SSK's diversity order is identical to APM, as derived in Section III-B. However, SSK achieves SNR gains of about 4 dB over APM at P e,bit = 10 −5 (N r = 4). Also, SSK gains more in terms of performance as N r is varied compared to APM. For example, for N r = 2 to N r = 4, SSK gains 12 dB whereas PSK only gains about 10 dB.
C. SSK under non-ideal conditions
In this example, the effect of certain real-world nonidealities on the performance of SSK is studied. In particular, we consider CSI estimation effects and spatial correlation (SC) amongst antennas.
CSI estimation: Estimation of the channel matrix H is performed using pilot symbols for least square (LS) estimation [45] . The estimated channel matrixĤ LS is given bŷ
, where the subscript "p" is used to indicate that the input and output are obtained using pilot symbols. In [46] , it is shown that x p using constant energy orthogonal rows make for optimal pilot symbols. Therefore, we use x p = I Nt , which is essentially a symbol set taken form SSK modulation. With such inputs, the LS solution becomeŝ H LS = H + η √ ρ . Therefore, the effect of estimation error is simply a shift in SSK's performance, attributed to the fact that the estimated channel is now distributed according to CN 0, 1+ρ ρ . Although SSK detection assumes perfect channel estimation, the decoder will still function with imperfect channel estimates (as we will see in Fig. 7) . This is because, even in the low SNR region, where channel estimates are less accurate, it is not the actual channel realizations that drives performance, but rather the distance between the columns of H. Hence, detection is still possible (where the estimation errors only contribute to additive noise).
Spatial Correlation: Assuming the presence of local scatters around both transmitter and receiver, one widely accepted model for spatial correlation (SC) is given in [47] as H corr = R where R (r, c) represents the element of R in the r th row and c th column, and ρ corr represents the amount of correlation (|ρ corr | < 1). Equation (16) may not be an accurate method for generating the correlation coefficients in real world scenarios. However, this simple parameter model gives us quick insight into the effects of SC on SSK modulation. Note that the model does follow some reasonable physical characteristics, such as the decrease in correlation with the increase between antenna distance. More realistic correlation matrices can be obtained given specific channel scenarios (see [49] , [50] ), which vary according to the application. Figure 7 illustrates SSK's performance under non-ideal scenarios, for varying modulation size M . As expected, the degradation in performance due to CSI estimation error (using LS) is relatively the same for both M values (about 3 dB). With SC (ρ corr = 0.5) on the other hand, SSK experiences larger loss in performance for M = 2 than M = 32, which is expected. We know from Section II-C that for increasing M (with N r fixed), SSK's constellation space becomes more crowded. Therefore, by introducing correlation in an already crowded space (i.e., M = 32), the performance is not degraded by much. However, for M = 2, the constellation points are widely spread apart, but adversely affected due to the correlation, and hence, more degradation is observed.
D. Coded SSK Modulation
In this section, we illustrate SSK's performance with coding. In particular, we present examples to compare SSK's performance using different parameters (such as M and the number of decoding iterations). The receiver is assumed to be the iterative demodulator-decoder from Fig. 1 .
1) SSK-CM versus APM-CM (varying M ):
In this example, we consider a convolutional CM system using a rate 1 2 convolutional encoder given by the generator matrix G = 1 outperforming APM (about 3 dB and 5 dB for M = 8 and 16, respectively, at P e,bit = 10 −4 ). We also plot SSK's SP bounds on BER, using the BICM PEP of (14) , and the error-free feedback PEP of (15), with B (X) = [40, p. 504]. To validate the obtained bounds, we simulate SSK-CM for one decoding iteration (i.e., BICM without ID), and six decoding iterations (i.e., asymptotic BICM-ID). We observe that the BICM bounds are fairly tight, especially at high SNRs, while the error-free feedback bounds denote a lower limit on SSK-BICM-ID's performance. APM-CM results are only shown for two iterations, since theoretically, iterative demodulation-decoding of a gray-mapped APM system does not improve much on performance (see APM capacity results of BICM versus CM in [33, Fig. 5]) .
2) SSK-TuCM versus APM-TuCM (varying M ):
In this example, we obtain performance results for higher coding rates. We use a rate (L = 1000), where we consider one turbo decoding iterations for each demodulator-decoder iteration. Figure 9 illustrates SSK-TuCM's performance for M = 8 and M = 16, respectively. SSK is shown to outperform APM by 1.5 dB and 2 dB for M = 8 and 16, respectively (for six demodulator-decoder iterations, and P e,bit = 10 −4 ). As well, the results are relatively close to capacity. For example, the results for 8-SSK tend to P e,bit = 10 −5 at about 7 dB, which is 2 dB away from capacity (i.e., 9 4 bit/s/Hz is achieved at around 5 dB, c.f. Fig. 3 ). For 16-SSK, the results tend to P e,bit = 10 5 at about 8.5 dB, which is about 3 dB away from capacity.
VI. CONCLUSION
In this paper, we introduced a modulation technique (referred to as SSK) for MIMO wireless links. We laid out SSK fundamentals as the building ground for hybrid modulation schemes (i.e., combination of SSK and APM such as in [6] , [14] , [16] , [20] ), while also providing closed form upper bounds on the bit error probability. We also presented coded SSK, which was shown to achieve higher capacity results than APM. We derived closed form upper bounds on the bit error probability of the coded system, and showed performance gains over APM (for convolutional and turbo codes). All of SM's merits mentioned in [20] are also inherent in SSK, but with lower computational overhead and with relaxed APM hardware requirements. These advantages make SSK a promising candidate for low complexity transceivers in next generation communication systems. Future research directions will involve hybrid SSK systems combining popular MIMO architectures, and practical SSK implementation issues in current MIMO communication standards (such as UWB).
